Bacteriophages infecting Bacteroides fragilis GB-124 have been described as potential markers of human fecal contamination in water sources. The aim of this study was to evaluate the occurrence of GB-124 phages in raw sewage, secondary effluents and reclaimed water of the São Paulo city using a low-cost microbial source tracking method. Samples were collected monthly from April 2015 to
INTRODUCTION
The water demand associated with new patterns of econ- Advantages to the use of Bacteroides GB-124 phages to tracking human faecal pollution include their morphology, environmental survival, and persistence to treatment processes, characteristics similar to viruses of concern, such as enteric viruses (Diston et Knowledge about the occurrence of bacteriophages that infect Bacteroides host strain GB-124 in wastewaters, treated effluents and reclaimed water is limited in Brazil.
Therefore, the aim of this study was to perform an environmental surveillance of these viruses in raw sewage and treated effluents (including reclaimed water) from four wastewater treatment plants (WWTPs) of São Paulo city and to evaluate bacteriophage removal at the different treatment processes. Physicochemical variables were also measured, and statistical analyses were performed to verify the influence of these parameters on virus detection.
MATERIAL AND METHODS

Location and characteristics of the WWTPs
The four WWTPs selected in this study are located in different regions of São Paulo metropolitan area, Brazil, and receive the sewage of approximately eight million people.
São Paulo city is the capital of São Paulo state and is located in the southeast region of the country, being one of the most densely populated regions with approximately 21 million inhabitants.
These WWTPs receive mainly domestic sewage and comprise primary, secondary (activated sludge) and tertiary (filtration or ultrafiltration/reverse osmosis and chlorination) processes (Table 1) For phage analysis, a raw sewage sample of WWTP-3 was composed in the laboratory considering the flow rate of each of the three individual influents discharging into this plant, because there is not a collect point resulting from the mixture of these influents before primary treatment in the respective WWTP.
Enumeration of phages
Bacteroides fragilis GB-124 phages were enumerated using a double-layer agar technique, according to ISO 10705-4 (ISO ) and as described elsewhere (Ebdon et al. ) .
In brief, 12 mL screw-topped tubes containing Bacteroides phage recovery medium (BPRM) broth were inoculated with 1 mL of host bacterium (GB-124) and incubated at 37 ± 0.2 C for 18 h. One millilitre of bacteria was inoculated into BPRM broth and incubated at 37 ± 0.2 C for approximately 3 h to achieve an optimal optical density for phage detection (approximately 0.33 at 620 nm).
The bacterial suspension was then used immediately.
Samples were passed through a 0.22 μm syringe driven polyvinylidene difluoride filter (Millipore, USA) to remove background bacterial contamination. Filtered samples of raw sewage were also diluted (10-fold dilution) to avoid excessive lysis plaques on the agar. One millilitre of the samples was then combined with 1 mL of host in test tubes containing 2.5 mL of semisolid BPRM agar, poured into 90 mm Petri dishes with a monolayer of BPRM agar and allowed to solidify. The Petri dishes were inverted and incubated at 37 ± 0.2 C for 18-24 h under anaerobic conditions using anaerobic jars and commercial anaerobic gas packs (BBL Gas Pack Plus, Maryland, USA).
The presence of phages resulted in the production of visible plaques (zones of lysis) in a confluent lawn of the host growth. A suspension of reference phage (B-14) known to infect the host strain was also included in all analyses as a 
Statistical analyses
The datasets of secondary and tertiary effluents resulted in the occurrence of several left-censored observation samples with concentrations below the theoretical detection limit (TDL 1 PFU/mL). In this case, for statistical analysis, the value considered was the TDL divided by the square root of 2 (Croghan & Egeghy ). The high concentration of points below the detection limit creates a non-standard distribution; however, it can be adjusted to a known distribution. The log (GB-124) was used as the response variable. It was noted that this variable follows the Zeros Adjusted Inverse Gaussian (ZAIG) distribution (Heller et al. ) . 
RESULTS
Physicochemical parameters
The geometric means of the physicochemical parameters obtained during the sampling period are shown in Table 2 .
Water temperature did not vary greatly throughout the year in the WWTPs analysed, with values ranging from 24.1 to 25.5 C for raw sewage samples, except for WWTP-3, which had a mean temperature of 35.1 C for the chemical industry wastewater (Table 2) . Higher values of water temperature were also observed in treated effluents and reclaimed water from WWTP-3 compared to the water temperature from the other WWTPs (Table 2) .
Mean values of pH in all stages of the WWTPs were near neutrality (pH ¼ 7.0), with low standard deviation ( Table 2) .
The water temperature and pH results in the treated effluents of all WWTPs were in compliance with standards established by the national legislation for effluent discharges in receiving waters (water temperature below 40 C and pH of 6.0-9.0) (CONAMA, Resolution n .  ). The conductivity results varied widely, but were in accordance with values commonly found in wastewaters and effluents from WWTPs that receive domestic and industrial sewage.
Higher levels of total organic carbon (TOC) were observed in raw sewage from the industrial wastewaters from WWTP-3, while in the treated effluents, higher mean concentrations were found in WWTP-2 (Table 2 ).
In general, lower levels of turbidity and TOC were observed in reclaimed water samples from WWTP-4, which operates with membrane bioreactor (MBR) and reverse osmosis (Table 2) , indicating a better performance of this system for pollutant removal.
Residual mean chlorine values were also within the range of standards commonly found for the disinfection of effluents in tertiary treatment, and lower concentrations were found in reclaimed water samples from WWTP-4 which uses chlorine dioxide as a disinfecting agent ( Table 2) .
Detection of GB-124 phages
GB-124 phages were recovered in 100% of the raw sewage samples from all the WWTPs (Table 3) . Viral loads varied from 3 × 10 4 (min) to 2.7 × 10 6 (max) PFU/L in WWTP-1, from 2.3 × 10 4 (min) to 1.32 × 10 6 (max) PFU/L in WWTP-2, from 7.5 × 10 3 (min) to 1.01 × 10 6 (max) PFU/L in WWTP-3 and from 4.7 × 10 4 (min) to 1.3 × 10 6 (max) PFU/L in WWTP-4, with geometric mean viral loads (PFU/L) from 2.09 × 10 5 (±SD 3.42) (WWTP-1), 2.91 × 10 5 (±SD 3.45) (WWTP-2), 8.1 × 10 4 (±SD 3.49) (WWTP-3) and 2.18 × 10 5 (±SD 3.0) (WWTP-4) ( Table 3) . Lower frequencies of detection were observed for secondary effluent and reclaimed water samples (Table 3) . In secondary effluents, GB-124 phages were detected in 50% of WWTP-1, in 41.6% of WWTPs 2 and 4 samples and only in 16.6% of WWTP-3 samples ( Table 3) . Discharge of chemical sewage entering directly in the system could contribute to viral inactivation. Geometric mean viral loads obtained in treated effluents were as follows: 2.53 × 10 3 (±SD 4.68), 1.43 × 10 3 (±SD 2.92), 1.03 × 10 3 (±SD 3.34) and 1.16 × 10 3 (±SD 2.65) (PFU/L) for WWTPs 1, 2, 3 and 4, respectively (Table 3 ).
The highest percentage of phage detection in reclaimed water was observed in the system composed of sand-anthracite and chlorination treatment from WWTP-1 (Table 3) .
Only two samples were positive (16.6%) for WWTP-2 and 3 (Table 3) . No GB-124 phages were recovered from reclaimed water samples from WWTP-4, which operates with MBR, reverse osmosis and disinfection with chlorine dioxide (Table 3 ), suggesting a better virus-removal efficiency by this system. Geometric mean viral loads obtained after adjustment of left-censored data set in reclaimed water samples were 9.81 × 10 2 (±SD 2.36), 8.45 × 10 2 (±SD 2.08), 8.91 × 10 2 (±SD 1.75) and 7.07 × 10 2 (±SD 1.0) for WWTPs 1, 2, 3 and 4, respectively (Table 3 ). Statistical analysis showed that the stage of treatment has a significant impact on the concentrations of GB-124 (p < 0.001), while there was no significant difference in concentrations of phages among the WWTPs.
Mean virus removal efficiency achieved by activated sludge processes varied from 1.89 log 10 (min) (WWTP-3) to 2.31 log 10 (max) (WWTP-2) ( Figure 2 ). Tertiary April 1.9 × 10 5 3.6 × 10 5 2.5 × 10 5 1.05 × 10 5 4.0 × 10 4 ND ND ND NP ND ND ND May 3.0 × 10 4 7.7 × 10 5 4.5 × 10 4 NP* ND 6.0 × 10 3 ND 2.0 × 10 3 NP ND ND ND June 8.0 × 10 4 3.7 × 10 5 1.8 × 10 4 6.9 × 10 4 1.7 × 10 4 ND ND ND ND ND ND ND July 3.7 × 10 5 3.7 × 10 5 1.4 × 10 5 3.4 × 10 5 1.5 × 10 4 1.6 × 10 4 ND 1.5 × 10 3 ND ND ND ND August 2.7 × 10 6 7.6 × 10 5 1.1 × 10 5 3.95 × 10 5 1.6 × 10 4 3.5 × 10 3 ND 3.0 × 10 3 9.5 × 10 3 ND ND ND September 6.8 × 10 5 7.5 × 10 5 1.5 × 10 5 4.95 × 10 5 ND 1.0 × 10 3 ND ND ND ND ND ND October 7.0 × 10 5 4.0 × 10 5 1.0 × 10 5 3.45 × 10 5 ND ND ND 5.0 × 10 2 1.0 × 10 3 ND ND ND November 2.3 × 10 5 2.3 × 10 4 6.3 × 10 4 1.3 × 10 6 ND ND ND ND ND 5.0 × 10 2 ND ND December 6.95 × 10 4 7.9 × 10 4 7.7 × 10 4 1.3 × 10 5 5.0 × 10 3 ND 1.0 × 10 3 ND NP ND 2.0 × 10 3 ND January 1.48 × 10 5 4.7 × 10 4 7.5 × 10 3 6.76 × 10 5 7.0 × 10 3 ND ND 1.5 × 10 4 ND ND ND ND February 1.68 × 10 5 1.3 × 10 6 1.0 × 10 6 4.7 × 10 4 ND 2.5 × 10 3 4.7 × 10 4 ND ND 8.5 × 10 3 4.0 × 10 3 ND treatments were able to increase the virus removal efficiency up to 0.41 log 10 (WWTP-1) (Figure 2 ).
Water temperature, TOC and conductivity were statistically significant for GB-124 phage occurrence in the different treatment stages of WWTPs (Figure 3) , while turbidity and pH did not present significant contributions. Although phage densities still remain in effluents from activated sludge processes, the importance of this treatment in virus removal cannot be disregarded. However, the presence of cultivable viruses in these effluents suggests a potential risk of dissemination of other enteric viruses into the receiving waters.
GB
A fraction of these effluents is further treated by tertiary treatments in WWTPs to generate reclaimed water that is used by City Hall for urban and industrial purposes, such as washing streets and monuments, cooling boilers, and other non-potable reuses.
Mixed-media (sand, gravel, anthracite, coal) filtration is commonly used as a tertiary treatment to enhance the reduction of pathogens. In this study, sand-anthracite filters followed by chlorination are used as tertiary treatment in three WWTPs. As few reclaimed water samples were positive for GB-124 phages, results were adjusted to a known distribution using a statistical model, providing a more realistic set of data. GB-124 phage removal achieved by tertiary treatments varied from 0.06 log 10 in WWTP-3 up to 0.41 log 10 for WWTP-1. These results are in accordance with other studies that reported typical removals from sand filtration to be 0-to 1-log 10 for enteric viruses and ∼0.14to 2-log 10 for coliphages (USEPA ).
Interestingly, in some samples from WWTP-2, reductions in GB-124 phages were not observed: the number present in effluent from tertiary treatment were greater than the number found in secondary treatment effluent. Ebdon et al. () also observed that phage concentrations in treated effluent samples from WWTPs were not significantly different from concentrations detected in raw sewage samples, suggesting that the behaviour of these phages under different environmental conditions needs to be more understood.
In Brazil, chlorination is the most common disinfection process used and, in general, the cheaper technology.
Higher resistance of viruses to disinfection by chlorination is recognised ( It is also important to emphasise that the method used here to recover GB-124 phages uses 1 mL of samples to detect these viruses, which could be unsuitable to detect bacteriophages from reclaimed water samples or cleaner water (Harwood et al. ) .
The absence of positivity of GB-124 phages in MBR effluents was already reported by other authors, although other enteric viruses and coliphages had been detected in the same samples (Purnell et al. ) . The same authors also discuss that negative results for GB-124 phages in effluents from MBR systems could be associated with the detection limit of the used method, but different behaviour characteristics, such as attachment properties onto biomass in the mixed liquor, could also explain the absence of GB-124 phages in treated effluents (Purnell et al. , ) .
Nevertheless, in the present study, the MBR system is coupled with reverse osmosis and final disinfection by chlorine dioxide, which could provide better virus removal efficiency. In this way, negative results obtained in effluents from the MBR/reverse osmosis system can be more associated with the performance of this system in virus removal than the limitations of the method used to detect phages. The same hypothesis would not be suitable for effluents from sand-anthracite filters, as the performance for virus removal is lower than MBR/reverse osmosis systems.
While the behaviour of GB-124 phages is not completely understood during the treatment stages in WWTPs (Ebdon et al. ; Purnell et al. ) , it is more reasonable to consider that these bacteriophages could not be a good viral marker to assess human fecal pollution in these environmental matrices using the present methodology. Larger sample volumes or the use of methods to concentrate viruses could be applied to increase the probability of bacteriophage detection in these environmental matrices (Harwood et al. ) . Further studies should be carried out using different methods to detect GB-124 phages and comparisons with other viral markers to evaluate their potential to tracking human fecal pollution in reclaimed or reuse water.
CONCLUSIONS
Although GB-124 phages were less abundant in reclaimed water samples, the test is a simple performance analysis, and then these bacteriophages could be considered complementary low-cost viral markers for tracking sources of human fecal pollution in municipal wastewaters and impacted receiving waters, as described previously ( 
